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Gastrointestinal microbial ecology and the safety of our food supply
as related to Salmonella1,2

T. R. Callaway,3 T. S. Edrington, R. C. Anderson, J. A. Byrd, and D. J. Nisbet

Agricultural Research Service, Food and Feed Safety Research Unit, College Station, TX 77845

ABSTRACT: Salmonella causes an estimated 1.3
million human foodborne illnesses and more than 500
deaths each year in the United States, representing an
annual estimated cost to the economy of approximately
$2.4 billion. Salmonella enterica comprises more than
2,500 serotypes. With this genetic and environmental
diversity, serotypes are adapted to live in a variety of
hosts, which may or may not manifest with clinical
illness. Thus, Salmonella presents a multifaceted
threat to food production and safety. Salmonella have
been isolated from all food animals and can cause mor-
bidity and mortality in swine, cattle, sheep, and poultry.
The link between human salmonellosis and host ani-
mals is most clear in poultry. During the early part of
the 20th century, a successful campaign was waged to
eliminate fowl typhoid caused by Salmonella Galli-
narum/Pullorum. Microbial ecology is much like ma-
croecology; environmental niches are filled by adapted
and specialized species. Elimination of S. Gallinarum
cleared a niche in the on-farm and intestinal microbial
ecology that was quickly exploited by Salmonella Enter-
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INTRODUCTION

As food producers, we have a moral and ethical re-
sponsibility to produce the safest food for consumers
that is possible (Rollin, 2006). The food supply of the
United States is one of the safest in the world and
becomes safer each year; but too many foodborne ill-
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itidis and other serotypes that live in other hosts, such
as rodents. In the years since, human salmonellosis
cases linked to poultry have increased to the point that
uncooked chicken and eggs are regarded as toxic in
the zeitgeist. Salmonellosis caused by poultry products
have increased significantly in the past 5 yr, leading to a
USDA Food Safety and Inspection Service “Salmonella
Attack Plan” that aims to reduce the incidence of Sal-
monella in chickens below the current 19%. The preva-
lence of Salmonella in swine and cattle is lower, but still
poses a threat to food safety and production efficiency.
Thus, approaches to reducing Salmonella in animals
must take into consideration that the microbial ecology
of the animal is a critical factor that should be accounted
for when designing intervention strategies. Use of com-
petitive exclusion, sodium chlorate, vaccination, and
bacteriophage are all strategies that can reduce Salmo-
nella in the live animal, but it is vital to understand
how they function so that we do not invoke the law of
unintended consequences.

nesses continue to occur. One of the most common and
serious foodborne pathogenic bacteria in the United
States is Salmonella enterica (Mead et al., 1999). Hu-
man salmonellosis occurs in an estimated 1.3 million
people, causes >500 deaths, and is estimated to cost the
US economy >$2.4 billion each year (Mead et al., 1999;
USDA-ERS, 2001). Understanding the ecological niche
that Salmonella fills in the environment and how the
pathogen enters the food chain is critical because Sal-
monella are estimated to cause over 30% of all bacterial
foodborne deaths in the United States (Mead et al.,
1999).

Although an increasing number of human salmo-
nellosis cases have been linked to vegetables and fruits,
the most common route is through foods of animal origin
(Braden, 2006). Salmonella are pathogens but can fre-
quently live in animals as a transient member of the
intestinal microbial population without causing dis-
ease. Thus, reliance on animals looking sick is not an
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effective indicator of Salmonella colonization. A variety
of animals from many environments have been found
to harbor Salmonella (Benirschke and Adams, 1980;
Kenny, 1999; Pasmans et al., 2005; Bemis et al., 2007),
but food animals are the primary vector for transmit-
ting Salmonella to humans (Borland, 1975; Holmberg
et al., 1984; Branham et al., 2005). Chickens (Zhao
et al., 2001), turkeys (Berrang et al., 1998), and eggs
(Braden, 2006) can all be infected with Salmonella. The
intestinal tracts of finishing and breeding swine (Davies
et al., 1999), as well as that of beef and dairy cattle
(USDA-APHIS, 2001, 2003a) can contain Salmonella.
Further outbreaks of salmonellosis have been linked to
improper pasteurization of dairy products (Hedberg et
al., 1992; USDA-APHIS, 2003b) or improperly cooked
ground beef (Mead et al., 1999). Other routes of expo-
sure of humans to Salmonella include water runoff from
farms (Thurston-Enriquez et al., 2005; Soupir et al.,
2006) or swine effluent lagoons (Hill and Sobsey, 2003),
and direct animal (Chapman et al., 2000) or fecal con-
tact (Pritchard et al., 2000; Enriquez et al., 2001).

Thus, Salmonella are relatively widespread in the
environment and within food animals (Rodriguez et al.,
2006), and attempts to understand and control this
pathogen must be equally broad based. Because Salmo-
nella can live undetected in food animals but still pose
a risk to human consumers, control strategies must be
tailored to specific animal species yet be applicable to
large numbers of animals. Therefore, in order to be able
to target this pathogen, we must understand its role in
nature and in the gut of food animals.

What is Salmonella?

Salmonella are gram-negative bacteria comprising 2
species and 6 subspecies (Coburn et al., 2007); the most
important of which is Salmonella enterica ssp. enterica.
Salmonella enterica infection in humans causes severe
illness (e.g., nausea, intestinal cramps, diarrhea, vom-
iting, and possible arthritic symptoms) and can be an
intracellular pathogen (FDA-CFSAN, 2006; Coburn et
al., 2007). Salmonella enterica causes illness in humans
by passing from the intestinal tract into the epithelium,
where it causes inflammation and systemically releases
an enterotoxin and a potent endotoxin (FDA-CFSAN,
2006). Salmonella exists in a typical fecal-oral life cycle,
although it can be spread through the nasal cavity to
the gut (Fedorka-Cray et al., 1995).

Salmonella enterica comprises over 2,500 known ser-
ovars, specific subtypes defined by the sugar and pro-
tein coats around the bacterium as well as by flagellar
proteins that are pathogenic to humans or animals (Po-
poff et al., 2004). For example, a Salmonella serotype
would commonly be known simply as Salmonella Typh-
imurium, rather than as S. enterica enterica Typhimu-
rium. Salmonella serotypes have evolved and adapted
to infect specific hosts (Kingsley and Baumler, 2000).
Thus, each animal species including humans is associ-
ated with specific serotypes that cause illness in that

species. However, some serotypes, such as Typhimu-
rium, can be utilitarian and infect many species of ani-
mals, including man. Some Salmonella serotypes pro-
duce a clinical illness when infecting animals other
than their adapted hosts, whereas other serotypes do
not. The ability of serotypes to cause illness in nonhost
animals is dependent upon the host adaptation to spe-
cific serogroups endemic to the host population (Kings-
ley and Baumler, 2000).

Adaptation allows Salmonella to exist as a pathogen
in a suitable host environment, or as a transient mem-
ber of the gastrointestinal population in a less-than-
ideal host environment. What this means in a practical
sense is that some serotypes can live in food animals
without causing illness; however, when host animals
and their carried serotypes are consumed by humans,
then foodborne illness can result. However, routes other
than food and water have been responsible for human
illness. For instance, reptiles commonly harbor Salmo-
nella (Pasmans et al., 2005; Bemis et al., 2007), which
can be transmitted to humans and cause illness (Wood-
ward et al., 1997; Mermin et al., 2004), but these sero-
types (e.g., serotypes Nima and Pooma) do not circulate
from person to person readily; therefore, the infection
dies out quickly (Kingsley and Baumler, 2000).

Although Salmonella serotype influences the extent
and outcome of human illness, elimination or treatment
strategies are not different between serotypes. There-
fore, focusing solely on a handful of critical serotypes
is only helpful in understanding the flow of specific
isolates within the food chain, with too much attention
focused only on certain serotypes when making macro-
scale economic, trade, public health policy, or scientific
decisions. It is critical, therefore, that we understand
the various serotype host preferences but continue to
view Salmonella as the threat, rather than only watch-
ing a few serotypes. Focus on a eliminating a specific
serotype can worsen a situation through the law of
unintended consequences. As a society, we have inad-
vertently performed this experiment, resulting in the
emergence and dissemination of Salmonella Enteritidis
in poultry, as discussed subsequently in detail.

Serotype Distribution

Although the relative importance of serotype has
been overstated in regard to the development of patho-
gen reduction strategies, serotype is still critical infor-
mation to understand the spread of Salmonella through
the food chain. Table 1 illustrates the relative frequency
of different serotypes isolated from humans and ani-
mals (CDC, 2006; USDA-FSIS, 2007). Animal-associ-
ated predominant serotypes vary with geographic loca-
tion as well as animal species (USDA-FSIS, 2006). The
subtypes isolated most frequently from various animal
sources pooled across the United States in 2005 are
shown in Table 1. Although not shown in this chart,
the most common serotype found in eggs in the United
States is S. Enteritidis (Braden, 2006). However, Sal-
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Table 1. Most common Salmonella serotypes isolated across the United States in 2005 (in order of prevalence)

Serotypes
Serotypes from ground

Serotypes Serotypes from broilers chicken in Serotypes
from ground from market in commercial commercial from clinically

Order of prevalence beef1 hogs1 plants1 plants1 ill humans2

First Montevideo Derby Kentucky Enteritidis3 Typhimurium
(includes
Copenhagen)3

Second Anatum Typhimurium Heidelberg3 Kentucky Enteritidis3

(includes
Copenhagen)3

Third Muenster Infantis Typhimurium Heidelberg3 Newport3

(includes
Copenhagen)3

Fourth Newport3 Anatum Enteritidis3 Typhimurium Heidelberg3

(includes
Copenhagen)3

Fifth Mbandanka Saintpaul I 4, 5, 12:i:- I 4, 5, 12:i:- Javiana3

Total Salmonella 47 58 80 85 56
accounted for by
top 5 serovars, %

1Data from the Food Safety Inspection Service, US Department of Agriculture (USDA-FSIS, 2006).
2Data from the Centers for Disease Control and Prevention (CDC, 2006).
3Serotypes in bold represent the top 5 isolates from clinically ill humans found in food animals.

monella Enteritidis is found at a very low prevalence
in shell eggs in the United States, occurring at a rate
of approximately 1 in 20,000 eggs (Ebel and Schlosser,
2000). Yet this has lead to several Centers for Disease
Control (CDC) recommendations for preventing Salmo-
nella Enteritidis infection through shell eggs (CDC,
2003).

The 5 most common serovars (Table 1) represent from
47 to 85% of all Salmonella isolates from their respec-
tive sources; therefore, these are by far the most com-
mon serovars isolated from food animals in the United
States. Furthermore, the top 5 serotypes account for
56% of all human isolates. As shown in Table 1, there
is a high degree of correlation between the serovars
found in nonclinically ill food animals (and thus more
likely to enter the food chain) with those isolated from
sick humans (serovars highlighted in bold). Therefore,
it is critical to target the sources of these serotypes to
interrupt the transmission cycle before they can cause
human illnesses.

Each year the prevalence of Salmonella-positive sam-
ples detected by USDA Food Safety and Inspection Ser-
vice (FSIS) from nontargeted, or ‘A’ sets in processing
facilities varies (Figure 1). Over the past 5 yr, the num-
ber of Salmonella-positive samples in ground beef has
decreased and the percentage of positive samples from
broilers has increased. This increase in broilers has led
to the 2006 implementation of a “Salmonella attack
plan” by FSIS that focuses on increased sampling fre-
quency in “dirty” plants. The relative frequency of Sal-
monella serotypes represented among human illnesses
also varies from year to year, as can be seen in data
from the past 5 yr (Figure 2). In the 1980s and 1990s,
S. Enteriditis increased in humans to the point that it

was the leading cause of salmonellosis in humans, but
in recent years has maintained a steady ranking as the
second-most-common cause of salmonellosis. In recent
years, the proportion of isolates represented by S. En-
teritidis had declined, until 2005 when there was a
dramatic increase (Figure 2). It remains to be seen

Figure 1. Percentage of Salmonella-positive samples for
nontargeted in-plant pathogen testing, or ‘A’ sets, of ani-
mal-derived food products from 2001 through 2005; data
excerpted from the Food Safety Inspection Service
(USDA-FSIS, 2006). Samples are from broilers (�), ground
chicken (�), ground turkey (�), and ground beef (▲).

 at USDA ARS NAA Library on April 2, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Callaway et al.E166

Figure 2. Salmonella serotypes isolated from humans
from 2000 through 2005; data excerpted from the Centers
for Disease Control and Prevention (CDC, 2006). Sero-
types: � = Salmonella Typhimurium, ◆ = Salmonella Enter-
itidis, � = Salmonella Newport, ▲ = Salmonella Heidelberg,
and � = Salmonella Javiana.

whether this was a transient increase or a long-term
increase in S. Enteritidis illnesses.

Seasonality of Salmonella

Seasonality of fecal shedding is critical to under-
standing the flow of Salmonella through the food chain.
There is a correlation between shedding in animals
and human outbreaks. Shedding by food animals can
approach zero during the winter months and reaches
its peak in summer and early fall (McEvoy et al., 2003;
Fossler et al., 2005), especially in cattle and swine, and
human outbreaks also peak during this period. The
crucial National Animal Health Monitoring System
(NAHMS) animal surveys were conducted in February
through July and March through September, which is
when fecal shedding appears to be at its highest (USDA-
APHIS, 2001; Huston et al., 2002). Interestingly, it has
been shown recently that the human Salmonella inci-
dence peaks 13 d after the peak in ambient temperature
(Naumova et al., 2007). However, other researchers
have found that the highest incidence of Salmonella on
farms occurs during the late fall (October–December)
instead of the summer (Rodriguez et al., 2006). Al-
though a physical correlation to temperature exists, it
must be noted that the internal temperature of the gut
is fairly consistent, so that temperature is not the sole
source of the observed seasonality. Other potential fac-
tors for seasonality of pathogen shedding include thy-
roid hormones and melatonin levels; however, the link-

age to these factors is still preliminary (Edrington et
al., 2006, 2007).

Salmonella in Farm Environments

Salmonella spp. can be found widely on farms of
many types, including those for beef and dairy cattle,
swine farrowing and finishing facilities, and poultry
farms. In the broadest study to date (Rodriguez et al.,
2006), 4.7% of all samples were positive for Salmonella,
with the majority of positive findings occurring on swine
farms (57%), followed by dairy farms (18%), poultry
farms (16%), and beef farms (9%). Salmonella was pres-
ent on 18 diverse farm types in 5 states and was found
in soil, bedding litter, feces, and feeds (Rodriguez et al.,
2006). The Salmonella isolates came from all materials
examined on the farms.

Salmonella in Cattle

Illness from salmonellosis in the bovine is seen pre-
dominantly in young calves, although occasionally it
is seen in adult cattle as well. Salmonella have been
isolated from the feces of healthy dairy cattle, where
the pathogen may exist as a normal member of the
gastrointestinal population or as a transient member
of the gastrointestinal microbial population (Roy et al.,
2001; Wells et al., 2001; Edrington et al., 2004a). The
most recently reported national dairy surveys
(NAHMS, 1996, 2003) indicated that 27 to 31% of US
dairy herds contained cows that shed Salmonella (Wells
et al., 2001; USDA-APHIS, 2003a). The Salmonella
prevalence level in individual milking dairy cows was
reported in the 1996 USDA NAHMS Dairy survey to
be 5.4% (Wells et al., 2001). In the 2002 NAHMS dairy
survey, the prevalence was found to be 7.3% (USDA-
APHIS, 2003a). Salmonella is not just found in the
United States; Irish researchers found that about 7%
of carcass samples were positive for Salmonella
(McEvoy et al., 2003). Researchers have shown that
as herd size increased, fecal shedding of Salmonella
increased (Warnick et al., 2003). However, other studies
have found that herd size did not play a role in Salmo-
nella shedding (Fossler et al., 2005).

Cattle can carry many different serotypes of Salmo-
nella. The top 5 serotypes isolated from ground beef
(Table 1) account for 47% of the reported serotypes
(USDA-FSIS, 2007). However, 25 different Salmonella
serotypes were isolated from lactating dairy cows on
farm, and another 24 serotypes were isolated from dairy
cows being culled from the herd (Wells et al., 2001). In
more recent field studies that examined the prevalence
of Salmonella in healthy lactating dairy cows in New
Mexico, a wide diversity of serotypes was also found
(Edrington et al., 2004a,b). Other cattle surveys have
isolated Salmonella spp. from dairy bulk milk tanks
(Jayarao and Henning, 2001; USDA-APHIS, 2003b),
with the most common bulk tank milk serotypes across
the United States being Montevideo, Newport, Muen-
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ster, Meleagridis, and Cerro. The presence of these sero-
types in raw milk contributes to concerns about con-
sumption of raw milk and cheeses made from unpas-
teurized milk (Cody et al., 1999; Villar et al., 1999).

Salmonella in Swine

Swine can be asymptomatic reservoirs of foodborne
pathogenic bacteria that are transmissible to humans
via consumption of contaminated pork products or
through the environment (Davies et al., 1999; Rostagno
et al., 2003). Foodborne pathogenic bacteria such as
Salmonella can persist in the environment or within a
herd at subclinical levels for years (Sandvang et al.,
2000). It has been estimated that between 25 and 48%
of the US swine herd may be colonized with Salmonella
species on the farm (Davies et al., 1997; Funk et al.,
2001); however, the percentage of marketed swine that
test positive for Salmonella remains under 10% (USDA-
FSIS, 2007). Salmonella Choleraesuis is a swine-
adapted pathogen that has a serious impact on infected
humans (usually by direct animal contact), but it does
not spread through the human population. The most
common Salmonella serotypes isolated from swine in-
clude Derby, Typhimurium, and Infantis (USDA-FSIS,
2006, 2007).

Pigs may become colonized with Salmonella by in-
gesting contaminated feces; however, esophagotomized
swine can become colonized with Salmonella following
intranasal inoculation and through snout-to-snout con-
tact (Fedorka-Cray et al., 1995; Lo Fo Wong et al., 2004).
Placing swine in Salmonella-contaminated pens for a
lairage period before slaughter can also result in the
colonization of pigs immediately before entry into the
food chain (Hurd et al., 2001; Rostagno et al., 2003).

Salmonella can be commonly found in the environ-
ment of pig farms (Letellier et al., 1999; Funk et al.,
2001). As many as 66% of swine farms in Alberta had
at least 1 positive Salmonella sample, and 20% of the
on-farm environmental samples were positive for Sal-
monella (Rajic et al., 2005). Additionally, feed samples
have been found to be Salmonella positive (Davies et
al., 1999; Jones and Richardson, 2004), posing a threat
to human food safety (Crump et al., 2002). Studies ex-
amining the incidence of Salmonella in free-range pigs
found a diverse group of serotypes in the environment
of these outdoor-reared swine (Callaway et al., 2005).

Salmonella in Poultry

Salmonella is found commonly in chickens and tur-
keys, and it spreads easily from bird to bird through a
fecal-oral route within poultry houses (Rodriguez et al.,
2006). Salmonella also can be spread via other reser-
voirs (e.g., insects, rodents, farm animals, and humans);
thus, the need for stringent biosecurity and pest control
plans on most poultry farms. Broiler flocks in the
United States are currently positive for Salmonella at
an average of 19% (USDA-FSIS, 2006). According to the

CDC, the most common poultry-associated Salmonella
serovars account for 33.3% of the total human foodborne
illnesses in the United States (CDC, 2006). From this
data, we can extrapolate that each year, poultry-related
Salmonella alone costs the US economy approximately
$966 million in direct and indirect costs. Salmonella
Typhimurium and Enteritidis are the human illness-
causing serovars most commonly associated with poul-
try meat and eggs, respectively, in the United States
(Braden, 2006; CDC, 2006). Both can cause illness in
poultry and are isolated from clinically ill birds, but
are frequently present as an asymptomatic infection,
allowing them to enter the food chain without triggering
a simple detection tripwire.

Salmonella is a serious threat to broiler and egg pro-
duction, both as a direct food safety threat in poultry
meat and eggs and via vertical transmission to a new
generation of infected broilers or layers. Because Sal-
monella can survive in the gut of birds or invade host
tissues, it can be transmitted to consumers through
various routes. For example, S. Enteritidis can invade
the ovaries and be directly encapsulated in eggs, or it
can live in the intestinal tract and enter eggs through
cracks in the shell as the egg intersects the intestinal
tract (Braden, 2006) in addition to being transmitted
through poultry meat (Kimura et al., 2004). The 2 for-
mer routes can result in the production of contaminated
eggs that are consumed by humans. Additionally, fertil-
ized eggs can be infected with Salmonella via semen
(Reiber et al., 1995). Thus, when an infected egg is
hatched, the chick can already contain Salmonella,
which can then be spread quickly to “clean” birds
through contact, as well as through the common fecal-
oral route. Even when only 5% of chickens are Salmo-
nella (Typhimurium) positive upon entering the grow-
ing house, 72 to 95% of birds may be Salmonella positive
within 3 wk of entry (Byrd et al., 1998). Thus, no matter
what intervention strategies are implemented to reduce
Salmonella in chicks or hatching eggs, further interven-
tions designed to reduce horizontal spread from Salmo-
nella-infected birds are necessary.

Other Factors Affecting Salmonella Populations

There has been a great deal of research aimed at
understanding what effect stresses have on populations
of Salmonella, especially dietary and transportation
stresses. Ruminal populations of Salmonella declined
more rapidly in cattle fed hay compared with cattle
starved for 2 d (Brownlie and Grau, 1967). In other
studies, the longer the time between leaving the farm
of origin and the time of slaughter increased the inci-
dence of Salmonella in the rumen and feces of cattle
(Grau et al., 1968). Taking pigs for a “joy ride” in an
open truck for several hours to simulate transport to
market has been shown to increase fecal shedding of
Salmonella significantly (Williams and Newell, 1971),
although more recent research has shown an opposite
effect (Marg et al., 2001). Effects of transportation on
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Salmonella levels on cattle hides have also been vari-
able, but it has been shown that more Salmonella were
found on the hides at slaughter compared with levels
at the feedlot (Reicks et al., 2007).

Multidrug-Resistant Salmonella:
An Increasing Threat

In recent years, concerns have grown about antimi-
crobial resistance in general, but specifically resistance
within the food supply (Corpet, 1998; Molbak et al.,
1999; Threlfall et al., 2000a,b). The incidence and sever-
ity of antimicrobial resistance among Salmonella spp.
has grown, at least in perception, in recent years. Most
alarmingly, the recognition of multidrug-resistant
(MDR) Salmonella has prompted significant concerns
about the safety of the food supply directly as a source
of MDR Salmonella, and indirectly as a reservoir of
antimicrobial genetic elements that can be exchanged
between intestinal bacteria (Angulo et al., 2004; Salyers
et al., 2004; Salyers and Shoemaker, 2006). Death or
serious illness will occur more frequently as outcomes
of infection as the human exposure to MDR Salmonella
via the food supply increases (Helms et al., 2002; Angulo
et al., 2004).

Multidrug-resistant Salmonella have been isolated
from retail meats (White et al., 2001, 2004; Zhao et al.,
2006a), imported foods (Zhao et al., 2006b), and from
food animals and their facilities (Besser et al., 2000;
Wright et al., 2005; Poppe et al., 2006). Multidrug-resis-
tant Salmonella have been isolated from poultry, swine,
and cattle and represent a growing concern to public
health. Recently, Salmonella Newport-MDRAmpC has
emerged as an agent of significant concern to the meat
industry. This MDR S. Newport infection is most often
acquired through the US food supply, most likely from
bovine or poultry sources, particularly among persons
already taking antimicrobial agents (Varma et al.,
2006).

Reduction Strategies

A test-and-slaughter flock (depopulation of farms pos-
itive for Salmonella) approach may be effective for elim-
inating S. Enteritidis from parent and grandparent
breeder flocks and in layer flocks because S. Enteritidis
can be transmitted through eggs. However, the origin
and transmission of other Salmonella serotypes in poul-
try, swine, and cattle are unclear.

Vaccination using inactivated S. Gallinarum pre-
vents colonization of poultry by S. Enteritidis; however,
if using blood tests to determine Salmonella popula-
tions, vaccinated birds are indistinguishable from those
infected by Salmonella. Thus, special care must be
given when reporting blood results from vaccinated
flocks. Antibiotics used in human or veterinary medi-
cine have been suggested as potential methods to re-
duce specific pathogens, such as Salmonella. However,
because of fears of antibiotic resistance, especially

among Salmonella spp., the use of antibiotics for this
purpose is actively discouraged.

Other reduction strategies that are likely to be suc-
cessful and acceptable include probiotics, prebiotics,
and competitive exclusion (CE) cultures. All of these
techniques attempt to utilize the normal microbial eco-
system to control pathogens (Callaway et al., 2002;
Doyle and Erickson, 2006). The best described system
is CE, in which day-of-hatch chicks are treated with a
pathogen-free mixture of normal intestinal bacteria to
jump-start their intestinal population and exclude
pathogens from colonizing the gut through competition
for nutrients (Nisbet, 2002; Zhang et al., 2007b,a). The
use of sodium chlorate is a method to reduce Salmonella
in poultry, and it is currently under regulatory review
for use as a feed additive. Chlorate is toxic to some
bacteria because of an intracellular enzyme they pos-
sess (i.e., nitrate reductase), but it does not kill all bacte-
ria (Anderson et al., 2000, 2001). Salmonella spp. pos-
sess nitrate reductase and, therefore, are killed by chlo-
rate treatment. If parental flocks, newly hatched chicks,
sows, calves, piglets are reared and(or) maintained on
these products, then it is likely that Salmonella sero-
vars can be reduced in the food supply. However, simply
cleaning them up at the time of birth or hatch may
actually worsen the situation by providing a clear eco-
logical field for another pathogen to exploit, as has been
demonstrated by the expansion of S. Enteritidis in poul-
try during the 20th century.

A Lesson for the Future: Unintended Consequences
and the Ecology of Salmonella enteritidis
Expansion into a New Host

Any actions that we take to reduce S. enterica coloni-
zation in animals must be tempered with the knowledge
that our actions can yield unintended consequences. A
case in point is the emergence of S. Enteritidis as a
human pathogen associated with poultry eggs (Kings-
ley and Baumler, 2000; Rabsch et al., 2001). During
the latter part of the 19th and early 20th century, Sal-
monella Gallinarum/Pullorum were common in the
United States and Europe (as fowl typhoid or pullorum
disease), where it caused morbidity and mortality
amongst poultry flocks; S. Enteritidis was virtually un-
known as a human pathogen. The development of the
first voluntary National Poultry Improvement Program
(NPIP) was conceived in 1935, at least in part, to reduce
economic losses caused by fowl typhoid. In this effort,
the NPIP was highly successful; because Gallinarum
and Pullorum have but a sole animal reservoir (domes-
tic and aquatic fowl), S. Gallinarum was virtually elimi-
nated from the US and United Kingdom flocks by the
early 1970s by following conventional test-and-slaugh-
ter methods.

However, as the S. Gallinarum and Pullorum inci-
dence in the national flock decreased, the incidence of
S. Enteritidis-caused human illnesses increased. Sal-
monella Enteritidis did exist naturally in poultry at low
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incidence but has another reservoir, rodents. Human
cases of S. Enteritidis rapidly increased through the
1980s and 1990s, reaching a peak as the most fre-
quently reported serovar isolated from human illnesses.
As of 2005, S. Enteritidis is the second most commonly
isolated serovar, responsible for 15% of the reported
human salmonellosis cases in the United States. How
did this change occur? Bacterial ecology is much like
that of macroecology; niches within an environment are
filled by a succession of species best adapted to each
niche. Salmonella Gallinarum and Pullorum filled a
niche in the microbial ecology of the gut of chickens,
and when Gallinarum/Pullorum was eliminated, that
vacuum was filled by a similar bacterium, S. Enteriti-
dis. While the reservoir for Gallinarum was depleted
from infected flocks S. Enteritidis was able to jump
from its natural rodent reservoir into poultry. The inter-
action between these 2 serovars is further demon-
strated by the fact that effective S. Enteritidis vaccines
for laying hens are commonly made from inactivated
(attenuated) strains of S. Gallinarum.

Although by no means a complete answer to the ques-
tion of why S. Enteriditis populations increased in poul-
try, the niche-filling explanation poses a concern for
Salmonella-reduction strategies. This should not pre-
clude the development of strategies in the live animal,
but should be considered when developing potential
strategies. The removal of Salmonella from the intesti-
nal population will create a vacuum that will be rapidly
filled with bacteria from the intestinal tract or environ-
ment that are most fit to occupy that niche; frequently,
the most-fit competitor would be another Salmonella
species. Thus, a strategy that eliminates Salmonella in
the live animal should be coupled with a complemen-
tary strategy that provides an alternative bacterial spe-
cies or provides nutrients that select for an already
existing intestinal population that can occupy Salmo-
nella’s niche.

In conclusion, Salmonella is a diverse, widespread
bacterium in the farm and food animal environment
that can cause significant problems in animal and hu-
man health. One of the most serious foodborne patho-
gens, Salmonella is a member of the family Enterobac-
teriaciae and thus, is at home within the gut of food
animals. Although much is known about the physiology
and genetics of this bacterium, the microbial ecology of
this organism is complex and rather poorly understood,
especially within the gastrointestinal tract.

Salmonella occupy a variety of niches in the intesti-
nal microbial and on-farm environment ecologies and
can colonize reptiles, poultry, and mammals (including
humans). Effects of Salmonella colonization on hosts
can range from an asymptomatic carrier state to severe
disease and even death. The extent and severity of ill-
ness in humans and animals is determined by which
serotype(s) are present; however, the importance of the
individual serotype should not be overstated, because
nearly all Salmonella can be pathogenic to humans,
not just a few important serotypes.

Salmonella in the food animal meta-intestinal tract
is a very dynamic situation. Serotypes that most com-
monly affect humans change over time, as do serotypes
isolated from food animals. Changes that we make in
an effort to eliminate Salmonella can have unintended
consequences, evidenced by the increase in S. Enteriti-
dis in poultry during the 20th century following fowl
typhoid elimination. Simply cleaning up animals may
temporarily reduce the incidence of Salmonella, but
intestinal populations of other Salmonella serotypes
will increase to fill the vacuum. Therefore, it is critical
to include other strategies (e.g., CE, probiotics, or prebi-
otics) that provide other intestinal bacteria a selective
advantage to occupy the niche vacated by Salmonella
spp., thereby preventing the entry of a new (or old)
pathogen into animal populations and the food supply.
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Popoff, M. Y., J. Bockemühl, and L. L. Gheesling. 2004. Supplement
2002 (no. 46) to the Kauffmann-White scheme. Res. Microbiol.
155:568–570.

Poppe, C., L. Martin, A. Muckle, M. Archambault, S. McEwen, and
E. Weir. 2006. Characterization of antimicrobial resistance of
Salmonella Newport isolated from animals, the environment,
and animal food products in Canada. Can. J. Vet. Res.
70:105–114.

Pritchard, G. C., G. A. Willshaw, J. R. Bailey, T. Carson, and T.
Cheasty. 2000. Verocytotoxin-producing Escherichia coli O157
on a farm open to the public: Outbreak investigation and longitu-
dinal bacteriological study. Vet. Rec. 147:259–264.

Rabsch, W., H. Tschape, and A. J. Baumler. 2001. Non-typhoidal
salmonellosis: Emerging problems. Microb. Infect. 3:237–247.

Rajic, A., J. Keenliside, M. E. McFall, A. E. Deckert, A. C. Muckle,
B. P. O’Connor, K. Manninen, C. E. Dewey, and S. A. McEwen.
2005. Longitudinal study of Salmonella species in 90 Alberta
swine finishing farms. Vet. Microbiol. 105:47–56.

Reiber, M. A., D. E. Conner, and S. F. Bilgili. 1995. Salmonella
colonization and shedding patterns of hens inoculated via semen.
Avian Dis. 39:317–322.

Reicks, A. L., M. M. Brashears, K. D. Adams, J. C. Brooks, J. R.
Blanton, and M. F. Miller. 2007. Impact of transportation of
feedlot cattle to the harvest facility on the prevalence of Esche-
richia coli O157:H7, Salmonella, and total aerobic microorgan-
isms on hides. J. Food Prot. 70:17–21.

Rodriguez, A., P. Pangloli, H. A. Richards, J. R. Mount, and F. A.
Draughon. 2006. Prevalence of Salmonella in diverse environ-
mental farm samples. J. Food Prot. 69:2576–2580.

Rollin, B. E. 2006. Food safety – Who is responsible? Foodborne Path.
Dis. 3:157–162.

Rostagno, M. H., H. S. Hurd, J. D. McKean, C. J. Ziemer, J. K. Gailey,
and R. C. Leite. 2003. Preslaughter holding environment in pork
plants is highly contaminated with Salmonella enterica. Appl.
Environ. Microbiol. 69:4489–4494.

Roy, R., R. Higgins, M. Fortin, and S. Tardif. 2001. Salmonella Give
infection in 2 dairy herds. Can. Vet. J. 42:468–470.

Salyers, A., and N. B. Shoemaker. 2006. Reservoirs of antibiotic resis-
tance genes. Anim. Biotechnol. 17:137–146.

Salyers, A. A., A. Gupta, and Y. Wang. 2004. Human intestinal bacte-
ria as reservoirs for antibiotic resistance genes. Trends Micro-
biol. 12:412–416.

Sandvang, D., L. B. Jensen, D. L. Baggesen, and S. B. Baloda. 2000.
Persistence of a Salmonella enterica serotype Typhimurium
clone in Danish pig production units and farmhouse environ-

ment studied by pulsed field gel electrophoresis (PFGE). FEMS
Microbiol. Lett. 187:21–25.

Soupir, M. L., S. Mostaghimi, E. R. Yagow, C. Hagedorn, and D. H.
Vaughan. 2006. Transport of fecal bacteria from poultry litter
and cattle manures applied to pastureland. Water Air Soil Pollut.
169:125–136.

Threlfall, E. J., L. R. Ward, J. A. Frost, and G. A. Willshaw. 2000a.
The emergence and spread of antibiotic resistance in food-borne
bacteria. Int. J. Food Microbiol. 62:1–5.

Threlfall, E. J., L. R. Ward, J. A. Frost, and G. A. Willshaw. 2000b.
Spread of resistance from food animals to man—The UK experi-
ence. Acta Vet. Scand. Suppl. 93:63–68.

Thurston-Enriquez, J. A., J. E. Gilley, and B. Eghball. 2005. Microbial
quality of runoff following land application of cattle manure and
swine slurry. J. Water Health 3:157–171.

USDA-APHIS. 2001. Salmonella in United States feedlots. USDA/
APHIS-VS Centers for Epidemiology and Animal Health. http://
www.aphis.usda.gov/vs/ceah/ncahs/nahms/feedlot/Feedlot99/
FD99salmonella.pdf Accessed Aug. 27, 2007.

USDA-APHIS. 2003a. Salmonella and Campylobacter on U.S. Dairy
operations. USDA-APHIS-VS Centers for Epidemiology and Ani-
mal Health. http://www.aphis.usda.gov/vs/ceah/ncahs/nahms/
dairy/dairy02/Dairy02SalCampy.pdf Accessed August 27, 2007.

USDA-APHIS. 2003b. Salmonella and Listeria in bulk tank milk on
U.S. Dairies. USDA-APHIS-VS Centers for Epidemiology and
Animal Health. http://www.aphis.usda.gov/vs/ceah/ncahs/
nahms/dairy/dairy02/Dairy02bulktank.pdf Accessed August
27, 2007.

USDA-ERS. 2001. Ers estimates foodborne disease costs at $6.9 bil-
lion per year. Economic Research Service of the United States
Department of Agriculture. http://www.ers.usda.gov/briefing/
FoodborneDisease/features.htm Accessed Aug. 27, 2007.

USDA-FSIS. 2006. Serotypes profile of Salmonella isolates from meat
and poultry products January 1998 through December 2005 No.
2007. USDA-FSIS, Washington, DC.

USDA-FSIS. 2007. Progress report on Salmonella testing of raw meat
and poultry products, 1998–2006. USDA-FSIS. http://www.
fsis.usda.gov/Science/Progress_Report_Salmonella_Testing_
Tables/index.asp Accessed Aug. 27, 2007.

Varma, J. K., R. Marcus, S. A. Stenzel, S. S. Hanna, S. Gettner, B.
J. Anderson, T. Hayes, B. Shiferaw, T. L. Crume, K. Joyce, K.
E. Fullerton, A. C. Voetsch, and F. J. Angulo. 2006. Highly
resistant Salmonella Newport-MDRAmpC transmitted through
the domestic U.S. food supply: A foodnet case-control study of
sporadic Salmonella Newport infections, 2002-2003. J. Infect.
Dis. 194:222–230.

Villar, R. G., M. D. Macek, S. Simons, P. S. Hayes, M. J. Goldoft, J.
H. Lewis, L. L. Rowan, D. Hursh, M. Patnode, and P. S. Mead.
1999. Investigation of multidrug-resistant Salmonella serotype
Typhimurium DT104 infections linked to raw-milk cheese in
Washington State. JAMA 281:1811–1816.

Warnick, L. D., K. Kanistanon, P. L. McDonough, and L. Power. 2003.
Effect of previous antimicrobial treatment on fecal shedding of
Salmonella enterica subsp. Enterica serogroup b in New York
dairy herds with recent clinical salmonellosis Prev. Vet. Med.
(Praha) 56:285–297.

Wells, S. J., P. J. Fedorka-Cray, D. A. Dargatz, K. Ferris, and A.
Green. 2001. Fecal shedding of Salmonella spp. by dairy cows
on farm and at cull cow markets. J. Food Prot. 64:3–11.

White, D. G., S. Zhao, R. Singh, and P. F. McDermott. 2004. Antimi-
crobial resistance among gram-negative foodborne bacterial
pathogens associated with foods of animal origin. Foodborne
Path. Dis. 1:137–152.

White, D. G., S. Zhao, R. Sudler, S. Ayers, S. Friedman, S. Chen, P.
F. McDermott, S. McDermott, D. D. Wagner, and J. Meng. 2001.
The isolation of antibiotic-resistant Salmonella from retail
ground meats. N. Engl. J. Med. 345:1147–1154.

Williams, L. P., and K. W. Newell. 1971. Salmonella excretion in joy-
riding pigs. Am. J. Public Health 60:926–929.

Woodward, D. L., R. Khakhria, and W. M. Johnson. 1997. Human
salmonellosis associated with exotic pets. J. Clin. Microbiol.
35:2786–2790.

 at USDA ARS NAA Library on April 2, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


Callaway et al.E172

Wright, J. G., L. A. Tengelsen, K. E. Smith, J. B. Bender, R. K. Frank,
J. H. Grendon, D. H. Rice, A. M. B. Thiessen, C. J. Gilbertson,
S. Sivapalasingam, T. J. Barrett, T. E. Besser, D. D. Hancock,
and F. J. Angulo. 2005. Multidrug-resistant Salmonella typhi-
murium in four animal facilities. Emerg. Infect. Dis. 11:1235–
1241.

Zhang, G., L. Ma, and M. P. Doyle. 2007a. Potential competitive
exclusion bacteria from poultry inhibitory to Campylobacter je-
juni and Salmonella. J. Food Prot. 70:867–873.

Zhang, G., L. Ma, and M. P. Doyle. 2007b. Salmonellae reduction in
poultry by competitive exclusion bacteria Lactobacillus sali-
varius and Streptococcus cristatus. J. Food Prot. 70:874–878.

Zhao, C., B. Ge, J. De Villena, R. Sudler, E. Yeh, S. Zhao, D. G. White,
D. Wagner, and J. Meng. 2001. Prevalence of Campylobacter

spp., Escherichia coli, and Salmonella serovars in retail chicken,
turkey, pork, and beef from the greater Washington DC area.
Appl. Environ. Microbiol. 67:5431–5436.

Zhao, S., P. F. McDermott, S. Friedman, J. Abbott, S. Ayers, A. Glenn,
E. Hall-Robinson, S. K. Hubert, H. Harbottle, R. D. Walker, T.
M. Chiller, and D. G. White. 2006a. Antimicrobial resistance
and genetic relatedness among Salmonella from retail foods of
animal origin: NARMS retail meat surveillance. Foodborne
Path. Dis. 3:106–117.

Zhao, S., P. F. McDermott, S. Friedman, S. Qaiyumi, J. Abbott, C.
Kiessling, S. Ayers, R. Singh, S. Hubert, J. Sofos, and D. G.
White. 2006b. Characterization of antimicrobial-resistant Sal-
monella isolated from imported foods. J. Food Prot. 69:500–507.

 at USDA ARS NAA Library on April 2, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


 References
 http://jas.fass.org/cgi/content/full/86/14_suppl/E163#BIBL

This article cites 85 articles, 17 of which you can access for free at: 

 at USDA ARS NAA Library on April 2, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org/cgi/content/full/86/14_suppl/E163#BIBL
http://jas.fass.org

